pangenomic level, particularly within putative plasmids identified within the B. cepacia group. 23 Phenotypically, the ISS-derived B. cepacia isolates generally exhibit a trend of lower rates and 24
shorter duration of macrophage intracellularization compared to the selected terrestrial reference 25 strain (though not significantly), and significantly lower rates of cellular lysis in 7 of the 19 26
isolates. ISS-derived B. contaminans isolates displayed no difference in rates of macrophage 27 intracellularization compared to the selected reference, though generally increased rates lysis, with 28 2 of the 5 significantly increased at 12-hours post inoculation. We additionally find that ISS-29 isolated B. contaminans display hemolytic activity at 37°C not demonstrated by the terrestrial 30 control, and greater antifungal capacity in the more recently collected isolates. Thankfully, the 31 ISS-derived isolates generally exhibit 1-4 times greater sensitivity to common antibiotics used in 32 their clinical treatments. Thus, despite their infection potential, therapeutic treatment should still 33 have efficacy. 34 35
Author Summary 36 37 The International Space Station (ISS) is a unique built environment due to its isolation and 38 recycling of air and water. Both microbes and astronauts inhabit the ISS, and the potential 39 pathogenicity of the former is of great concern for the safety of the latter. The potable water 40 dispenser (PWD) of the potable water system (PWS) on board the ISS was assembled in a 41 cleanroom facility and then primed on Earth using an extensive process to ensure no gas bubbles 42 existed within the lines that could lock the apparatus upon installation in orbit. The primed system 43 sat dormant for 6 months before installation on the ISS. Microbial surveillance was conducted on 44 the system after installation and the bacterial load was 85 CFU/mL, which exceeded the 50 45 CFU/mL limits set for ISS potable water. Over a microbial surveillance spanning 4.5 years, 46 numerous strains of the potential pathogen Burkholderia have been isolated from the PWD. Here containing genes linked to virulence and metabolism, quorum sensing, transcriptional regulation, 93 fatty acid biosynthesis, and transposition [13] . Here we characterize genomic and phenotypic 94
properties of 24 Burkholderia isolates derived from the ISS PWD. 95 96
Results

98
The PWD unit of the ISS was assembled in a cleanroom facility and then primed on Earth 99
using an extensive process to ensure no gas bubbles existed within the lines that could lock the 100 apparatus upon installation in orbit. The primed system sat dormant for 6 months before 101 installation on the ISS [1, 3] . Microbial surveillance was conducted on the system after installation 102 and the bacterial load was 85 CFU/mL, which exceeded the 50 CFU/mL limits set for ISS potable 103
water, leaving the sole source of water on the US module out-of-order [1] . In the meantime, the 104
Russian system was used as a back-up. The US system was flushed with the biocide iodine (I2), 105 first at what turned out to be a sub-inhibitory concentration of 4ppm, as subsequent measurements 106 revealed an increase in the microbial load [1] . Further testing revealed that 40ppm was the 107 necessary concentration of iodine flush to achieve the drinkable 50 CFU/mL bacterial load [1] . 108
Iodine flushes are still intermittently administered to the system after durations of PWS stagnation. 109
Our focal Burkholderia species are known to survive not only in distilled water, but also in iodine 110 solutions; therefore, these flushes may have reduced the overall microbial load of the PWS while 111
inadvertently selecting for the Burkholderia species within the system. Here we characterized the 112
Burkholderia species isolates obtained from the ISS PWS both genomically and phenotypically. 113
Twenty-four isolates collected over 4.5 years were chosen for sequencing. The genomes of 114 24 ISS-PWD Burkholderia isolates (Fig. 1A ) were sequenced and de novo assembled with SPAdes 115 v3.12.0 ([14] ; assembly summary information in S2 Table) . The recovered genomes within each 116 species were all found to have an ANI of greater than 99% with 95-99.9% alignment in all cases 117 (fastANI v1.2; [15] ). An estimated maximum-likelihood phylogenetic tree based on amino acid 118 sequences of 203 single-copy genes specific to Betaproteobacteria was generated with GToTree 119 v1.4.4 ([16]; Fig 1B) . This placed 19 of the isolates within their own monophyletic clade within 120 the B. cepacia, and 5 within their own monophyletic clade within the B. contaminans ( Fig 1B) . 121
Single-nucleotide variant (SNV) trees (Parsnp v.1.2; [17]) generated for each group of isolates 122 revealed no clear groupings based on time of isolation ( Fig 1C) total GCs: 2,589 with genes contributed by all ("core"; 10.2%); 8,249 with genes contributed by 133 only single genomes ("singletons"; 32.5%); and 14,545 contributed by some mixture ("accessory") 134 (Fig 2A) . A total of 25 B. contaminans genomes were incorporated (20 references from NCBI and 135 5 ISS-isolates), with an average gene count of 7,580 ± 539. From these, a total of 13,645 GCs were 136 generated: 3,534 core (25.9%); 3,436 singletons (25.2%); and 6,675 accessory GCs (49.0%; Fig  137  2B ). It should be noted the disparity between the number of identified core, singleton, and 138 accessory genes in B. cepacia vs those identified in B. contaminans at this point is not meant to 139 convey anything about potential differences in gene-content diversity between the two species. 140
The number of genomes available/incorporated for each and the breadth of phylogenetic diversity 141 spanned by the incorporated genomes of the two groups both vary greatly. 142 We scanned for functional enrichment or depletion in the ISS-derived isolates as compared 143
to the reference genomes based on normalized frequencies of presence/absence across the two 144 groups (see Methods). It should be kept in mind that given the phylogenetic landscape of both ISS-145 derived groups -with each forming monophyletic clades within their respective species ( Fig 1B) 
146
-the functional differences observed may be due to evolutionary divergence as a whole, rather 147 than being due to their source of isolation (the ISS total GCs were generated: 7,065 core (91.9%); only 20 singletons (0.26%); and 603 accessory GCs 165 (7.8%; Fig were present in other GCs -meaning the sequences diverged enough to not cluster together, but 167
were similar enough to be annotated the same way. The one exception was annotated by NCBI as 168 an autotransporter domain-containing protein (from isolate s20, gene ID D7204_40525). For the 169 5 B. contaminans isolates, 7,778 GCs were generated: 7,509 core (96.5%); 163 singletons (2.1%); 170 and 106 accessory GCs (1.4%). Of the 163 singleton GCs from B. contaminans, 46 had annotations 171 associated with them. Twenty-eight of these annotations were found in other GCs, while 18 were 172 only annotated in one genome. Interestingly, 17 of these 18 all came from the same isolate s47, 173
which was the first B. contaminans isolate recovered from the ISS ( Fig 1C) ; these functional 174 annotations are presented in Table 3 . All gene calls, sequences, and annotations are available in 175 S5 Table) . 203 We additionally see transposases-related genes in the B. cepacia isolates with a mean copy number 204 per putative plasmid of 17.57 ± 5.7 (mean ± 1 SD), and an integrase element with a mean copy 205 number of 2.47 ± 0.51, suggesting DNA rearrangements and duplications among the conjugative 206 plasmids of ISS B. cepacia may be a result of these mobile genetic elements. 207
As for B. contaminans, in addition to harboring elements of both the T4SS and Type II 208 secretion system (T2SS), the plasmids have a soluble lytic murein transglycosylase harboring a 209 putative invasion domain LysM at a mean copy number of 3 ± 2.8. The lytic transglycosylase, 210
LtgG, has recently reported for its role to control cell morphology and virulence in Burkholderia 211
pseudomallei [25] . Furthermore, we see each harboring a copy of the toxin component of the 212
MazEF toxin-antitoxin system suggesting these ISS B. contaminans isolates may be able to control 213 their transition to the dormant persister state [26] . Again, we see transposase-related genes with a 214 mean copy number of 5 ± 5.7. 215
B. cepacia putative-plasmid annotations (19) Annotation (COG)
Mean copy # ± 1 SD must stress that these are not controls as they are different strains. Ideal controls would be 224 terrestrial strains from within the monophyletic clades of ISS isolates. We used two metrics for 225 this assessment: 1) the ability of the bacteria to invade macrophage cells and be retained 226
intracellularly, which allows for the bacteria to replicate without lysosomal degradation in turn 227 lending to chronic infections; and 2) the ability for the bacteria to cause macrophage cell lysis as 228
assessed by the amount of lactate dehydrogenase (LDH) released by the cell. Such cell lysis in turn 229
can trigger cytokine release and an inflammatory response. We present the cell counts for the 230 intracellularized bacteria and LDH data for all ISS-derived isolates and B. contaminans J2956 and 231
B. cepacia ATCC25416 reference strains. Macrophage cell lysis was quantified by the amount of 232 LDH released in the cell culture media at six, eight, twelve and 24 hours post-inoculation ( Fig 4) . 233
Bacteria which were internalized by macrophage were quantified and reported in colony forming 234 units per milliliter (CFU/mL) measured at six and twelve hours post-inoculation ( Fig 5) . 235 At six and eight hours post infection, little LDH-release was observed for both the ISS-236 derived B.cepacia isolates and terrestrial control strain ( Fig 4A) . The B. contaminans ISS-derived 237 isolates appear to be triggering cell lysis at a slightly greater rate than the terrestrial control, though 238 with high variability across the experimental triplicates ( Fig 4B) than the terrestrial control J2956). Finally, at 24 hours post-infection, LDH release approaches that 245 of triton-X, an example of full lysis (Fig 4) . 246 At twelve hours post-infection it becomes apparent that the terrestrial strain of B. cepacia 247 ATCC25416 is able to survive intracellularly within macrophage to a greater degree than any of 248 the ISS isolates ( Fig 5) . [28] we verified that each of the ISS isolates and the reference strain contain the occidiofungin and 257 pyrrolnitrin gene cluster. The antifungal metabolite, occidiofungin, as well as pyrrolnitrin are 258 known to also display hemolytic properties [29] , which can break down heme in the hemoglobin 259 of host bodies causing complications for the host. 260
Due to the identification of B. contaminans isolates harboring these two biosynthetic gene 261 clusters within our collection, we assayed for the ability to inhibit growth of the Aspergillus 262 fumigatus AF293 strain ( Fig 6A) and cause hemolysis ( Fig 6B) . None of the B. cepacia isolates 263 exhibited fungal inhibition or hemolysis, but each of the B. contaminans did to varying degrees. 264
The terrestrial control reference strain (B. contaminans J2956) displayed the least amount of fungal 265 inhibition ( Fig 6A) and little to no hemolysis ( Fig 6B) , while isolate s47 displayed a similar ability 266 to inhibit fungal growth but an added ability to lyse blood cells after 48 hours of growth. Though 267 time of isolate-recovery does not necessarily indicate total time that isolate spent aboard the ISS, 268
the isolates that display greater antifungal and hemolytic properties than s47 and the terrestrial 269 control were collected at a later date ( Fig 1A and 1C (Table 5 ). S33 was 281 an exception as it appears to be more sensitive to co-trimethoprim. All isolates appeared to be 282 moderately resistant to cefotaxime, yet susceptible to ceftazidime, also a 3 rd generation β-lactam 283 cephalosporin. 284 285 9 286 287 288
Biofilm Assay 289 290
The time of collection records show that the Burkholderia species are intermittently cultured 291 from the ISS PWD; there are numerous consecutive flights where Burkholderia could not be 292 cultivated from the PWD. One reason for this could be due to the proclivity for Burkholderia 293 species to form biofilms. This biofilm would be adapted over time to the pressure and flow 294 experienced during water removal from the system as needed for drinking or food hydration. We 295 observed the ability of the B. cepacia isolates to form biofilms to a slightly greater degree than 296 the B. cepacia terrestrial strains used for comparison ( Fig 7A) . We find that on a whole, B. 297 contaminans form biofilms more readily than B. cepacia, yet the ISS isolates of B. contaminans 298 have a diminishing ability to form biofilm in relation to the B. contaminans reference control 299 strain ( Fig 7B) . 300 301
Discussion
303
Burkholderia genomic analyses 304 305
The ISS-isolated B. cepacia and B. contaminans both formed monophyletic clades when 306 placed in a phylogenomic tree with currently available references ( Fig 1B) . When comparing the 307 ISS isolates among one another, they display very few single nucleotide polymorphisms (SNPs) 308
suggesting low genetic diversity among the respective ISS PWD strains. In a pangenomics 309 approach we identified core and accessory GCs for B. cepacia and B. contaminans and identified 310 the functional annotations enriched and depleted in the ISS-derived isolates as compared to the 311 incorporated references (Tables 1 and 2; S3 Table) . One particular selective pressure that we know of is the iodine disinfection process used to 323 maintain the PWD's bacterial load, which may have selected for these isolates and further 324 streamlined their genomes to what they are now. Another explanation for their ability to survive 325 these iodine shocks is their displayed propensity to form biofilms which will insulate members of 326 the population from disinfection. Alternatives to iodine have been considered for future PWD 327 microbial disinfection, such as the use of silver in the form of silver (I) fluoride [3, 32] . The effect 328 of silver treatment upon B. cepacia has been explored as a clinical alternative to antibiotics [33] 329
and will likely reduce this microbial load. However, we find that the ISS B. cepacia isolates 330
analyzed in this study all harbored a Cu/Ag efflux pump (CusA) at a mean copy number of 3.05 ± 331
3.4 on a conjugative plasmid (Table 4 ). This suggest that they will able to share this ability to 332 pump silver out from within their membrane with the subpopulations of the B. cepacia bacterial 333 community that does not yet confer this resistance. 334
Similarly, we find a number of the identified enriched functions in our pangenomic analysis 335 are commonly associated with mobile genetic elements that can be found on conjugative elements. 336
A more in-depth plasmid analysis reveals that both species harbor elements of the Type IV 337
secretion system (T4SS) on putative plasmids as well as an enrichment of transposase-related 338 genes (S6 Table) . Where, T4SSs are multi-subunit cell-envelope spanning structures consisting of 339 a pilus and a secretion channel whereby DNA or protein is translocated outside of the cell to either 340 a target cell or to the surrounding environment. T4SS mediates horizontal gene transfer, which 341 contributes to genomic plasticity and the evolution of pathogens through the spread of antibiotic 342 resistance or virulence genes [ to control cell morphology in Burkholderia pseudomallei and its virulence in the BALB-C mouse 387 model [25] . Both also harbor a copy of the toxin component of the MazEF toxin-antitoxin system 388 suggesting the ability for these ISS B. contaminans isolates to control their transition to the 389 dormant persister state. This is because toxin-antitoxin systems are known to contribute to cell 390 dormancy by halting cellular machinery through use of the toxin that is counteracted by the 391 antitoxin once the stressor is removed [26] . Again, we see duplicated transposase-related genes 392 with a mean copy number of 5 ± 5.7. 393 394
Phenotypic assessment of ISS Burkholderia species 395 396
In order to test our hypothesis that these strains have the capacity to be virulent due to their 397 plasmid gene content, we screened the ISS-derived B. cepacia and B. contaminans for the ability 398
to invade and colonize macrophage. The B. cepacia isolates were found to invade macrophage by 399 6 hours, with some (s33) being more effective colonizers than others. They appear to multiply, 400 then escape from the macrophage by 12 hours post-inoculation, possibly using the plasmid-401 encoded lysophospholipase mechanism to rupture the macrophage. Despite not contributing to a 402 longer-term infection, the cytotoxic byproducts generated by lysophospholipase degradation of 403 macrophage may play a physiological role in further stimulating the adhesion and differentiation 404 of lymphoid cells macrophages and activation and recruitment of additional macrophage and T-405 lymphocytes, among other immune response mechanisms [24] . This is in contrast to the B. cepacia 406 ATCC25416 terrestrial control strain, which has been noted for its ability to invade and carry out 407 a long-term colonization of macrophage which can lend to the formation of long-term chronic 408
infections [37] . We find that this strain displays the ability to remain intracellularized at 12-hours 409 post-inoculation ( Fig 5) yet remains able to lyse macrophage (Fig 4) . Accordingly, the B. cepacia 410 ATCC25416 reference strain contains additional virulence factors within its genome not found in 411
the ISS isolates such as elements of the Type 6 secretion system (T6SS off. This is followed by the addition of 1.5ul of USER Enzyme to the mixture, then incubation in 450 the thermocycler at 37C for 15 minutes with heated lit set to 47C. In order to obtain 700-900 bp 451 inserts, we used SPRIselect beads for a rightside clean-up of 0.25X, where the supernatant is 452 retained for a left side clean up using a 0.25X bead clean up then eluted in 7.5 ul of 0.1X TE buffer. 453
The fragmented, adapter ligated and size selected libraries were then amplified using 12.5 ul of 454
NEBNext Ultra II Q5 Master Mix with 2.5 ul i7 index primer and 2.5 ul i5 Universal PCR primer 455 for a total volume of 25 ul. The amplification was carried out at the following temperatures and 456 times: initial denaturation at 98°C for 30 seconds, followed by 4 cycles of denaturation at 98°C for 457 10 seconds and annealing/extension at 65°C for 75 seconds, and a final extension at 65°C for 5 458 minutes. A total of 58 libraries were generated, quality controlled to find library size using the 459 Agilent Bioanalyzer and high sensitivity DNA chip and double stranded DNA concentration was 460 quantified using Qubit Fluorometric Quantitation. Libraries were normalized to achieve a total of 461 700 pM of pooled library in 200 ul with an average library size of 750 bps. An average of 7 million, 462 150 bp reads were obtained for the combined read 1 and read 2 of each library using Illumina's 463
NextSeq 500 The infection assay aimed for a multiplicity of infection (MOI) of 5 ISS B. cepacia and B. 490
contaminans cells for every one macrophage cell. Biological replicates of the experiment were 491 conducted on three separate days to ensure a robust reproducibility in results. At time zero 492 CFU/mL count was conducted for inoculum of each ISS isolate and was averaged for each 493 biological replicate experiment of the separate days (S1 Fig) . These counts showed that our 494 experimental MOI was in the range of MOI 5-11 with an average of MOI of 7 over the three 495 replicated experiments. The bacteria were allowed to infect the macrophage cells for two hours 496 before being washed away and replaced with fresh media containing 15ug/mL ceftazidime and 497 1mg/ml amikacin to ensure clearance of extra cellular bacteria. At six, eight, twelve and 24 hours 498 post-infection, the ISS treated sample supernatant and control supernatant from uninfected cells is 499 collected and macrophage cells were removed by centrifugation at 300rpm for 2mins. The 500 supernatant was then assessed for the presence of lactase dehydrogenase (LDH) using a 501
Cytotoxicity Detection Kit (LDH) (Roche, Germany 1xMICs of all antibiotics were determined using the National Committee for Clinical 535
Laboratory Standards (NCCLS). In the MIC assay, 2ul of an antibiotic dilution series (beginning 536 at 64ug/mL) was used to treat 100ul of OD600=0.001 culture (diluted from cells in exponential 537 growth phase), then incubated without shaking for 18 hours before MIC determination. The MIC 538 value is the lowest concentration at which bacterial growth is fully arrested. 539
540
Biofilm assay 541 542 JCVI -80°C freezer stocks were streaked onto TSA and incubated 48 hours at 35°C, single 543 colonies were then inoculated into 3 mLs TSB and incubated overnight at 3°C with shaking at 220 544 rpm. Cultures were diluted to an OD600 of 1, then diluted 1:100, each culture was then plated into 545 one column of three 96 well polystyrene plates at 150 µl per well. The cultures were covered with 546 adhesive film, then incubated at 35°C for 24, 48, and 72 hours. At each timepoint an entire 96 well 547 plate having 11 cultures and control culture were stain using crystal violet. This process includes 548 removing the cultured media from each well by inverting the plate and giving it 3-5 abrupt shakes 549 into a waste container, then rinsing the wells lightly with water. This is followed by the addition 550 of 150 µl of crystal violet into each well, the crystal violet is incubated in the well to adhere to any 551 remaining biofilm for exactly 15 minutes, then the plate is carefully inverted and given 3-5 abrupt 552
shakes into a crystal violet waste container. The plate is carefully rinsed with water and then laid 553 upside down to dry. Once each of the 3 time points have been processed, the crystal violet is 554 resolubilized for each timepoint plate using 100% EtOH by pipette mixing, then transferred to a 555 new plate and covered to avoid evaporation. The resolubilized crystal violet strain is then placed 556 in a plate reader to obtain an absorbance at 590 nm. 557 558
Data availability 559
The genomes reported in this paper can be found under bioproject: PRJNA493516. 560 561
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